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INTRODUCTION
Corynebacterium glutamicum is an important industrial strain traditionally used for producing various amino acids (Hu et al. 2014) and organic acids, and has recently shown potential for use as a host organism for the expression of biotechnologically or pharmaceutically relevant recombinant proteins (An, Yim and Jeong 2013) . The recent technological developments in molecular tools and physiological methods have enabled the effective and comprehensive investigation of the genetics and metabolism of C. glutamicum (Zahoor, Otten and Wendisch 2014) .
Real-time quantitative PCR (qRT-PCR) is one of the most popular techniques for gene expression level analysis, because of its high sensitivity, specificity, accuracy and efficiency (Bustin et al. 2009; Zhang et al. 2017) . However, there are many factors, such as RNA and cDNA quality, primer specificity, amount of template (Hao et al. 2014; Huang et al. 2014) and PCR amplification efficiency (Hao et al. 2014) , that have an effect on the accuracy of qRT-PCR. Normalization using a suitable reference gene is a simple and widely used technique that takes technical errors into account and validate the data (Vandesompele, Kubista and Pfaffl 2009; Mascia et al. 2010) . The ideal reference gene should be expressed at a constant level in all tissue or cultured cells, infections, different experimental conditions and developmental stages in the context of qRT-PCR analysis (Zhong et al. 2011) . To date, 16S rRNA encoding16S ribosomal RNA is the only reference gene that has been used for qRT-PCR analysis in C. glutamicum. Moreover, there are currently no reports about the selection or validation of reference genes of C. glutamicum for gene expression analysis by qRT-PCR. Therefore, it is necessary to rescreen for the best reference gene for normalization in different experimental samples and under different conditions.
In this study, the 13 candidate genes from previous literature reports (Florindo et al. 2012; Galisa et al. 2012 ) and transcriptome sequencing data in our lab (Sun et al. 2016) were selected for evaluation of their expression stability in C. glutamicum during different growth phases and under different experimental conditions using qRT-PCR. Finally, after geNorm and NormFinder software analysis and verification by using the target genes clpx and clpc encoding ClpX and ClpC protease subunits (LaBreck et al. 2017) , Ncgl2772 encoding acetyl-CoA carboxylase beta subunit and leua encoding 2-isopropylmalate synthase were identified as optimal reference genes for qRT-PCR during gene expression studies of different growth phases; and NCgl2772, gyrb encoding DNA gyrase subunit B and siga encoding RNA polymerase sigma factor A were identified as suitable reference genes for gene expression studies under experimental conditions. The results provide useful and reliable reference genes as resources for the accurate study of gene expression in C. glutamicum and other Corynebacterium species.
MATERIALS AND METHODS

Bacterial strains, growth conditions and treatments
Corynebacterium glutamicum ATCC 13032 was purchased from the American Type Culture Collection (ATCC).
The C. glutamicum ATCC 13032 strain was available as frozen (-70 • C) stock cultures. Strains were inoculated in 10 mL LuriaBertani supplemented with Brain heart infusion (LBB: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L brain heart infusion broth and 10 g/L NaCl, pH = 7.2) liquid medium and incubated at 30
• C with shaking at 220 rpm overnight. The activated bacteria were transferred to the fermentation medium at 4% inoculation and sampled at different times during fermentation. Samples for qRT-PCR were collected at the lag phase (2 h), the logarithmic phase (4 h), the transition phase (6-8 h) and the stationary phase (14 h) and stored at -70
Single colonies were inoculated in 50 mL LBB liquid medium. The cultures were grown for 18 h at 30
• C with shaking at 220 rpm to reach the stationary phase. This phase was confirmed measuring the absorbance of the cultures at 600 nm. Then, 10 mL samples of the stationary-phase culture were centrifuged for 5 min at 4000 × g, followed by removal of the supernatants (Tasara and Stephan 2007) . For the temperature stress experiment, the pellet was resuspended in 10 mL LBB medium pretempered and incubated at 16
• C with shaking. For the salt stress experiment, the pellet was resuspended in 10 mL LBB medium supplemented with 10.7% NaCl (2M) and incubated with shaking at 30
• C. For the acid stress experiment, the pellet was resuspended in 10 mL LBB medium acidified to pH 5.5 using hydrochloric acid and incubated with shaking at 30
• C (Zhang et al. 2017) . Samples (500 μL) for qRT-PCR were collected after 1, 2 and 4 h of stress treatment.
Total RNA isolation and cDNA synthesis
The 500 μL samples from the different experimental conditions were collected by centrifugation for 2 min at ≥12 000 × g. The supernatant was carefully removed, leaving the pellet as dry as possible. The pellet was then resuspended in 500 μL lysis buffer (GeneJET RNA Purification Kit, Thermo Scientific, Lithuania) supplemented with β-mercaptoethanol and glass beads in a crushing tube and disrupted at 6000 rpm for 15 s followed by cooling at 4
• C for 2 min, which was repeated six times. Then, the disrupted samples were used for RNA isolation with a GeneJET RNA Purification Kit. The purified RNA was used for downstream applications or stored at -70
The purity of the total RNA extracted was determined as the ratio of the absorbances at 260/280 nm, and the integrity was checked by electrophoresis on a 1% agarose gel. RNA samples were diluted to 25 ng/μL in nuclease-free water and subjected to cDNA synthesis using a PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa Bio Inc., Otsu, Japan).
Selection of candidate reference genes and primer design
Some housekeeping genes were selected as candidate reference genes because its expression level was less affected by environmental factors. In addition, we were looking for a moderately competent gene as a reference gene, so we chose the genes with a Reads Per Kilobase per Million mapped reads (RPKM) value between 400 and 2000 (Liu et al. 2017 ) from our transcriptome data (Table S1 , Supporting Information). The transcriptome datasets are available at the NCBI gene expression omnibus (GEO) database with the accession number GSE77502. To screen candidate genes based on expression stability, the coefficient of variation (CV; ratio of the standard deviation to the mean value) was calculated (Table S1, Supporting Information). Genes with CV values <4% (De Jonge et al. 2007 ) were considered candidate genes.
All nucleotide sequences were obtained from the GenBank database. Primers (Table 1) were designed using the Primer 5 program, with Tm values ranging from 58
• C to 62
• C, primer lengths from 18 to 23 bp, product lengths from 80 to 170 bp and GC content of 45%-60% (Liu et al. 2017) . All the primers were synthesized by Genewiz (Suzhou, China). The primer sequences and their amplification efficiencies are presented in Table 1 .
qRT-PCR conditions
qRT-PCR reactions were performed using a StepOnePlus RealTime PCR System (Applied Biosystems). The PCR reaction mixture consisted of 10 μL 2 × Precision Mastermix with SYBR Green, ROX, 200 nM forward and reverse primers, 10 ng cDNA template and nuclease-free water in a total volume of 20 μL. 
Evaluation of the expression stability
As described previously, geNorm (Vandesompele et al. 2002) and NormFinder (Andersen, Jensen and Ørntoft 2004) software programs were used to evaluate gene expression stability. For geNorm, M values were used to assess the expression stability of the candidate reference genes, and the gene with the highest M value is considered the least stable (Vandesompele et al. 2002) . A gene with M < 1.5 can be used as the stable reference gene. Pairwise variation analysis Vn/n + 1 shows the minimum numbers of reference genes required for accurate normalization. When the value of Vn/n + 1 is below 0.15, n genes are required for reliable normalization (Vandesompele et al. 2002; Tong et al. 2009 ). This software can simultaneously compare multiple housekeeping genes to select two or more reference genes, which reduces systematic errors to yield more accurate results, especially for genes with small differences in expression. NormFinder can further confirm the reliability of results obtained from geNorm.
NormFinder results are expressed as stability values; the most stable genes in the analysis will present the lowest stability values. It has an additional advantage of being less impacted by correlated expression of the candidate genes chosen (Lovdal and Saha 2014) . However, this program can only screen out the most suitable reference gene.
Validation of the candidate reference genes
The selected reference genes were validated for different growth stages using the relative expression level analysis of clpx, which codes for an ATP-dependent Clp protease ATP-binding subunit clpX-like, and clpc, which codes for an ATP-dependent Clp protease proteolytic subunit (ClpP). The 2 − Ct method was used to calculate the relative expression level of the target gene.
RESULTS
Screening of the candidate reference genes
We first needed to find some stable genes to serve as candidate reference genes. Eight genes rpob encoding DNA-directed RNA polymerase subunit beta, ldh encoding L-lactate dehydrogenase, reca encoding recombinase A, gyrb, trpb encoding tryptophan synthase beta chain, 16S rRNA, siga and leua with highly conservative in evolution were selected from previous studies as candidate reference genes. To screen additional candidate reference genes, we also analyzed transcriptome data and found a total of 401 genes with RPKM values ranging from 400 to 2000 from the transcriptome data from different dissolved oxygen conditions. To determine the stability of these 401 genes when expressed at moderate levels, their CV values were calculated. Eventually, there were only five genes NCgl0398 encoding pyrroline-5-carboxylate reductase, NCgl2570 encoding 2-C-methyl-D-erythritol encoding 4-phosphate cytidylyltransferase, NCgl1165 encoding ATP synthase F0F1 subunit beta, NCgl2772 and NCgl0901 encoding peptidyl-tRNA hydrolase that had CV < 4%.
qRT-PCR amplification of candidate reference genes
The specificity and amplification efficiencies of the designed primers were verified using StepOnePlus software on a standard curve generated using a 10-fold dilution series of pooled cDNA samples over five dilution points that were measured in duplicate. A single product peak of the melting curve (Fig. S1 , Supporting Information) and agarose gel electrophoresis using cDNA templates indicated that the primer pairs for the 13 candidate reference genes had good amplification specificity. The amplification efficiencies of these candidate reference genes ranged from 97.3% to 99.8% (see Table 1 ). Generally, assays with amplification efficiencies between 90% and 110% are considered acceptable.
Expression levels of candidate reference genes
To evaluate the expression stabilities of the 13 reference genes, their expression levels were first assessed via qRT-PCR in different samples, which were divided into five growth stages (2, 4, 6, 8 and 14 h) and three stress treatments (salt, acid and temperature). As shown in Fig. 1 
Expression stability of candidate reference genes
The expression stability of the 13 genes was validated using geNorm and NormFinder software to analyze the qRT-PCR results. The geNorm analysis showed that genes with high Mvalues had low expression stability (Fig. 2) . For different growth stages, the expression stability ranking of the 13 reference genes was as follows:
For the different stresses, the best stable genes were Ncgl2772 (M = 0.424) and siga (M = 0.424), followed by gyrb (M = 0.524). Based on all data sets, the best stable reference gene was Ncgl0901, with an M value of 0.541, while Ncgl2772 and siga ranked fifth. Furthermore, the application of more than one reference gene in normalization can be helpful in obtaining more reliable results. The pairwise variations Vn/n + 1 were investigated by geNorm, for which the cutoff threshold is 0.15. The results revealed that the V2/3 value is 0.088, indicating that the most appropriate number of reference genes is 2. Therefore, the best combination of reference genes for normalization was Ncgl2772 and leua for different growth stages. Under conditions of different stress factors, the V3/4 value is 0.141. Therefore, the best combination of reference genes for normalization was Ncgl2772, siga and gyrb. Given that all the sample values were greater than 0.15, there is no suitable reference gene for normalization (Fig. 3) .
The rankings of the 13 candidate reference genes and their expression stability values calculated by NormFinder are shown in Fig. 4 ; higher stability of gene expression is indicated by lower average expression stability values (Andersen, Jensen and Ørntoft 2004; Delporte et al. 2015) . Ncgl2772 is the most suitable reference gene for the study of different growth stages (stability value, 0.005), while leua is ranked fourth in stability (stability value, 0.011). To study the different stress factors, Ncgl0398 was the most suitable gene (stability value, 0.013), followed by gyrb (stability value, 0.014), Ncgl2772 (stability value, 0.017) and siga (stability value, 0.014). Moreover, according to all data sets, Ncgl2772 (stability value, 0.009) and siga (stability value, 0.024) were the two best reference genes for the normalization of qRT-PCR results.
Validation of the selected reference genes for different growth stages
In order to validate the reliability and adaptability of leua and Ncgl2772, two genes, clpx and clpc, with ATPase activity and belonging to the AAA + family, which can remove the wrong folded protein, were selected for validation. The relative expression of the target gene was obtained by 2 − Ct relative quantification. Meanwhile, 16S rRNA, which was the previously as the reference gene in the C. glutamicum, was used as the control. As shown in Fig. 5 , the transcription level of clpc was downregulated from 2 to 14 h of the growth stage when normalized with 16S rRNA as a reference gene. Similar expression patterns were observed when normalized with Ncgl2772 and leua as reference genes; although the specific change times were slightly different, the trend was completely consistent. When normalized with 16S rRNA, the expression level of clpx was upregulated from 2 to 8 h of the growth stage. Using Ncgl2772 and leua to normalize the results also yielded a similarly upregulated expression pattern. This analysis suggested that our selections for the candidate reference genes were feasible and credible. Relative expression of clpx and clpc at different growth stages. Gene expression was quantified using qRT-PCR and the comparative threshold ( Ct) method using StepOnePlus software. Ncgl2772, leua and 16S rRNA were used as reference genes for data normalization. The results are presented as the means ± standard error of duplicate samples.
DISCUSSION
Currently, qRT-PCR is a popular technological method for the measurement of gene expression levels. However, to obtain accurate qRT-PCR results, a stable reference gene must be used for normalization in order to minimize errors due to non-biological differences between samples. In prokaryotes, 16S rRNA is often used as the reference gene, and its expression is usually significantly higher than the vast majority of structural genes. Our results showed that the Ct value of 16S rRNA was between 10 and 13 for our C. glutamicum cDNA sample. However, in qRT-PCR experiments, the baseline is usually 3-15 cycles of the fluorescence signal. In addition, the quantitative results of fluorescence are generally measured from the Ct value over 15-35 cycles of data analysis; a Ct value that is too large or too small will lead to inaccurate measurements. Therefore, it is essential to screen the appropriate reference genes to obtain reliable qRT-PCR data for C. glutamicum. In this study, to find a reference gene with a Ct value closer to that of the target gene, we performed a screening of the candidate genes based on previous studies and transcriptome data from our lab. Finally, two genes, namely, leua and Ncgl2772, were identified as suitable reference genes and were used to detect the expression levels of the two target genes, clpx and clpc. The Ct values of the leua and Ncgl2772 genes were 24-26, and the expression of most genes was closer to leua and Ncgl2772, as per the analysis of the expression levels of the two target genes and our transcriptome data.
To date, there have been some reports on the screening and identification of reference genes in bacteria.
The stability of homologous genes in different species under some experimental conditions is similar. In the report of Streptococcus agalactiae at different temperature conditions, reca and gyra showed good stability, rpob and 16S rRNA showed bad stability (Florindo et al. 2012) . In Clostridium botulinum (Kirk et al. 2014) and C. difficile (Metcalf, Sharif and Weese 2010) different growth phases, the stability of 16S rRNA was higher than rpoc. In our results, gyrb showed a much greater stabilization in expression levels than 16S rRNA, with 16S rRNA being more stable than rpob. In the study of selecting reference genes in the Carnobacterium maltaromaticum, Lactobacillus curvatus and Listeria innocua subjected to temperature and salt stress, the results showed that reca was more stable than rpob (Lovdal and Saha 2014) . In this study, the results remained extremely similar to the Lovdal's article. What's more, in the L. casei Zhang different culture conditions and different growth phases, the stability of the genes was gyrb > ldh > 16S rRNA > reca (Zhao et al. 2011) . Gyrb ranked the highest among our results, followed by 16S rRNA, reca and
